Introduction
============

Current views of eukaryotic cell evolution disagree on whether the endosymbiotic acquisition of mitochondria occurred early ([@evw130-B19]) or late ([@evw130-B12]; [@evw130-B21]). A recent article in *Nature* concludes that mitochondrial endosymbiosis was a late event ([@evw130-B21]). However, this conclusion is based upon phylogenetic inferences that challenge the accumulated knowledge of proteobacterial evolution. An early branching separated the anaerobic δ and ϵ proteobacteria from the predominantly aerobic or facultatively anaerobic α, β, and γ proteobacteria, which share ubiquinone (Q, [fig. 1a and *b*](#evw130-F1){ref-type="fig"}) with eukaryotes ([@evw130-B3]). In contrast, [@evw130-B21] report that only 13% of the eukaryotic protein families analyzed would be phylogenetically related to α, β, and γ proteobacteria. Remarkably, more eukaryotic families would be phylogenetically related to δ and ϵ proteobacteria (57) than to β (1) or γ (33) proteobacteria ([@evw130-B21]), in open contrast with the established evolutionary sequence of prokaryotes and mitochondria ([fig. 1a and *b*](#evw130-F1){ref-type="fig"}). Fig. 1.---The drawings represent phylogenetic trees of proteobacterial and eukaryotic proteins. The accepted pattern for the evolution of proteobacteria and mitochondria is represented in (*a*), showing the appearance of the biosynthetic pathways for Q after the separation of the α, β, and γ proteobacteria ([@evw130-B3]; [@evw130-B8]; [@evw130-B14]). (*b*) The phylogenetic pattern of aerobic proteobacteria is well matched by the NJ tree obtained with previously reported methods ([@evw130-B9]) for cytochrome *c*~1~, a nuclear encoded subunit of mitochondrial *bc*~1~ complex that coevolved with its Q substrate. All mitochondrial proteins of eukaryotes cluster in a branch that is embedded within the clade of their α proteobacterial homologs, as reported for COX subunits ([@evw130-B8]). Bar indicates the fraction of amino acid changes estimated per unit of branch length ([@evw130-B9]). (*c*) The prokaryotic ancestry was deduced from the phylogenetic trees of 81 proteins that had been previously reported by [@evw130-B21]. These proteins have been chosen and analyzed as described in the Materials and Methods section and their list is available upon request. Proteins with deduced ancestry to combinations of α, β, and γ proteobacteria as in (*b*) are abbreviated as "aerobic proteo"; this definition has been equally applied to the proteins reported by [@evw130-B21] that show any combination of aerobic proteobacteria in their ancestry. Proteins showing sister groups with orthologs from mixed proteobacterial and bacterial taxa are included under the label of "bacterial (mix)," corresponding to the broad definition of bacterial ancestry used by [@evw130-B21]. Proteins showing clear ancestry only to bacteria are instead labeled "beyond proteo/others." The percentage values of the various categories did not significantly change by increasing the numbers of proteins compared. Of note, repeating the same phylogenetic analysis without the eukaryotic groups has shown α proteobacterial ancestry for 78% of the proteins, in agreement with earlier estimates of the intrinsically mosaic nature of proteobacterial genomes ([@evw130-B11]).

Results and Discussion
======================

Phylogenetic analysis of a protein family with inferred ancestry to ϵ proteobacteria, [d]{.smallcaps}-fructose-1,6-bisphosphate 1-phosphohydrolase, shows that such an inference is correct only for a chloroplast form of the protein, while the major bifunctional form displays an ancestry with β and γ proteobacteria ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1) online), in agreement with earlier results ([@evw130-B20]). Another contradiction with the established evolution of proteobacteria is the finding that the stem length of protein families with γ proteobacteria as their sister group is systematically longer than that of protein families with α proteobacteria as their sister group ([@evw130-B21]). In my previous phylogenetic studies, proteins from α taxa have always shown deeper branches than those of γ taxa ([@evw130-B8]; [@evw130-B9]). I have thus undertaken further phylogenetic analysis of the protein families listed as having different proteobacterial and bacterial ancestry ([@evw130-B21]), which have well-known biochemical properties and reside in the proteome of mitochondria and related organelles (see Materials and Methods for details). While there appears to be concordance in the percentage of proteins with inferred ancestry to γ proteobacteria, there is a remarkable difference in the percentage of proteins inferred to have bacterial ancestry, as shown in [figure 1*c*](#evw130-F1){ref-type="fig"}. Most of these proteins turn out to have an underlying ancestry to α, β, and γ proteobacteria---hereafter indicated as "aerobic proteobacteria"---once common instances of lateral gene transfer (LGT) from δ proteobacteria and other bacterial phyla are taken into account ([@evw130-B25]; [@evw130-B22]). Accurate phylogenetic trees of key bioenergetic proteins such as COX1 ([@evw130-B8]), cytochrome *c~1~* ([fig. 1*b*](#evw130-F1){ref-type="fig"}), and cytochrome *b* ([fig. 2](#evw130-F2){ref-type="fig"}) show that the mitochondrial (eukaryotic) orthologs are embedded in a clade that includes all their homologs of α proteobacteria, in agreement with the established pattern of proteobacterial and mitochondrial evolution ([fig. 1a and *b*](#evw130-F1){ref-type="fig"}). In turn, this clade is sister to a clade containing the homologs of β and γ proteobacteria ([@evw130-B8]), thereby defining a general ancestry to aerobic proteobacteria for eukaryotic bioenergetic proteins coded by either mitochondrial, such as cytochrome *b* ([fig. 2](#evw130-F2){ref-type="fig"}), or nuclear DNA, such as cytochrome *c*~1~ ([fig. 1*b*](#evw130-F1){ref-type="fig"}). Therefore, the true ancestry of mitochondrial bioenergetic proteins would be aerobic proteobacteria instead of the narrow taxonomic subdivisions followed by [@evw130-B21] and previous works---see [@evw130-B25] and [@evw130-B8] for a review. I now found that this concept applies also to many proteins analyzed by [@evw130-B21] that reside in mitochondria ([fig. 1*c*](#evw130-F1){ref-type="fig"}). Fig. 2.---Phylogenetic tree of cytochrome *b* of the *bc~1~* complex. The sequence of the cytochrome *b* encoded in the mitochondrial genome of the Jakobida *Moramonas* ([@evw130-B23]) has been first used as a query in a DELTABLAST search extended to 1,000 proteins from all deep branching lineages of eukaryotes, as described in the Materials and Methods section. After accurate alignment (cf. [@evw130-B8] of a selection of 80 sequences that would match the taxonomic distribution and branching order of the NJ tree obtained with all the results of the DELTABLAST ([@evw130-B9]), a maximum-likelihood (ML) tree was generated using the program MEGA 6 ([@evw130-B24]. ProtTest was then used to select the best fit model based following the Akaike information criterion ([@evw130-B1]. Branch support was evaluated with 500 bootstrap pseudoreplicates and is annotated in percentage values within the tree. Sequences from α proteobacteria plus mitochondria form a sister clade to their homologs in γ and β proteobacteria as in the trees obtained for cytochrome *c*~1~ ([fig. 1*b*](#evw130-F1){ref-type="fig"}) and COX1 ([@evw130-B8]. Cytochrome *b*~6~-like sequences from Actinomycetes have been used as the outgroup to root the tree. The cytochrome *b* sequences from Apicomplexa, for example, *Plasmodium berghei*, had to be removed from the initial selection for this tree because their large variation prevented clustering with other mitochondrial sequences in a single monophyletic clade as obtained with NJ trees.

Overall, the proteins analyzed here show a common ancestry with aerobic proteobacteria, which exhibits different levels of resolution depending upon their phylogenetic signal and LGT interferences ([@evw130-B22]). As an example of this situation for proteins inferred to pre-date mitochondrial endosymbiosis ([@evw130-B21]), LGT interference is clearly observed in the phylogeny of nitrite reductase, a multidomain enzyme of fungi and heterokonts which is engaged in bioenergy production during anaerobiosis ([@evw130-B8]). The monophyletic group of eukaryotic nitrite reductase have sister proteins from a few Planctomycetes and a single δ proteobacterium, forming a clade that is sister to a group containing homologs from α and γ proteobacteria, together with a single protein from the Bacteroidetes, *Flexithrix dorotheae* ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1) online). If one excludes this case and the similar one for the δ proteobacterial protein, the overall phylogeny of eukaryotic nitrite reductase conforms to a basal ancestry of aerobic proteobacteria intermixed with Planctomycetes. An equivalent situation has been encountered for cytochrome *b*, the mitochondrial homologs of which have a solid ancestry in aerobic proteobacteria because they are part of the *bc*~1~ operon ([@evw130-B8]), as also indicated by the trees shown here ([figs. 1*b*](#evw130-F1){ref-type="fig"} and 2).

The most striking difference between the present results and those reported earlier ([@evw130-B21]) consists in the much reduced proportion of proteins with inferred bacterial ancestry, that is, those that would have a mixture of orthologs from proteobacteria and other bacterial lineages as sister group. Multiple reasons could account for this, but methodological differences in the building and analysis of the phylogenetic trees appear to be minor, at least for the bioenergetic proteins examined here ([figs. 1 and 2](#evw130-F1 evw130-F2){ref-type="fig"}) and earlier ([@evw130-B8]). A major reason, I surmise, could be the odd topology of fast evolving proteins in parasitic eukaryotic lineages such as Apicomplexa and Kinetoplastida, which often do not cluster together with other eukaryotic orthologs in maximum-likelihood trees, as documented here for cytochrome *b* ([fig. 2](#evw130-F2){ref-type="fig"}). The addition of deep branching eukaryotic lineages not considered before ([@evw130-B22]; [@evw130-B10]; [@evw130-B21]) often helps clustering these fast evolving proteins into a monophyletic clade, as predicted ([@evw130-B18]). Another reason is the presence of multiple isoforms for the eukaryotic orthologs of bacterial proteins, as in the case shown here in [supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1) online. Ultimately, the known limits of phylogenetic analysis based upon immediate sister topology ([@evw130-B22]; [@evw130-B18]) may have produced fundamental differences between the results of [@evw130-B21] and those presented here ([fig. 1](#evw130-F1){ref-type="fig"}).

In conclusion, many eukaryotic proteins inferred to have bacterial ancestry by [@evw130-B21] turn out to actually have an underlying ancestry with aerobic proteobacteria, as in the case of mitochondrial proteins ([fig. 1](#evw130-F1){ref-type="fig"}). Therefore, several results reported by Pittis and Gabaldón ([@evw130-B21]) appear to derive from incorrect inferences, seriously weakening their statistical analysis of stem length that has led to the conclusion that mitochondrial acquisition would be a late event in the evolution of eukaryotes. The symbiosis with proto-mitochondria is unlikely to have occurred in multiple steps either ([@evw130-B18]), contrary to what implied from the work of [@evw130-B21] ([@evw130-B12]).

Materials and Methods
=====================

A systematic approach has been followed to analyze the phylogenesis of various proteins showing orthologs in both prokaryotes and eukaryotes as considered by [@evw130-B21]. First, proteins were collected from the published proteomes of mitochondria, hydrogenosomes, and mitosomes ([@evw130-B2]; [@evw130-B4]; [@evw130-B16]; [@evw130-B15]; [@evw130-B13]; [@evw130-B7]) and screened for their known structural and functional properties. Those with unknown function were discarded, together with the proteins that are involved in the interaction with DNA or RNA, which may show interference with archean orthologs having equivalent function ([@evw130-B22]; [@evw130-B18]). The remaining proteins formed the MitoBac database, currently containing approximately 250 proteins with defined function in mitochondria and related organelles. The database includes more than 100 proteins previously analyzed by [@evw130-B21] and a dozen proteins used in earlier studies on the phylogenesis of eukaryotes ([@evw130-B10]). The phylogenetic pattern of these proteins was deduced by following the robust phylogeny of mitochondria-encoded bioenergetic proteins that are common to all organisms with sequenced mtDNA ([@evw130-B17]), namely cytochrome *b* ([fig. 2](#evw130-F2){ref-type="fig"}) and COX1 ([@evw130-B8]), as well as of nuclear encoded cytochrome *c~1~* ([fig. 1*b*](#evw130-F1){ref-type="fig"}). The branching order of the major clades in the trees for these proteins was very similar using different methods (cf. [fig. 2](#evw130-F2){ref-type="fig"}) and therefore could be used as a reference to verify the presence of LGT or other distorsions in the neighbor-joining (NJ) trees obtained from DELTABLAST searches ([@evw130-B5]). Such searches were initially applied to complex I subunits of the Nuo operon, which has been transmitted almost in its entirety to the mtDNA of protists (only the NuoE and NuoF subunits are regularly encoded in nuclear DNA[@evw130-B17]; [@evw130-B14]). Except for the short NuoK subunit, the tree topology of the Nuo subunits was shown to essentially coincide with that of cytochrome *b* or *c*~1~, once sporadic cases of LGT by δ proteobacteria (cf. [@evw130-B25]) or the insertion of orthologs from Bacteroidetes and Planctomycetes in the sister group of γ and β proteobacteria ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1) online) were taken into account, as previously described by [@evw130-B22]. Equivalent DELTABLAST searches ([@evw130-B5]) were then applied to other proteins of the MitoBac database using orthologs in *Methylocystis* species as queries. The taxonomic breath of such searches was extended to 1,000 sequences and included, in addition to the eukaryotic groups used earlier ([@evw130-B22]; [@evw130-B10]; [@evw130-B18]; [@evw130-B21]), the deep branching lineages of Glaucophyta, Cryptomonads, Hypotrichous ciliates, Apusozoa, and Heterolobosea ([@evw130-B6]). Complementary phylogenetic analysis was carried out with the programs MEGA5.2 and MEGA6 ([@evw130-B24]) using selections of proteins that could match the general branching order found in the NJ trees that were obtained with all the results of the DeltaBLAST searches, as previously described ([@evw130-B9]); see [figure 2](#evw130-F2){ref-type="fig"} as an example. Parallel searches and analyses were then undertaken without eukaryotic lineages to verify bacterial mosaicism ([@evw130-B11]) in the proteome of *Methylocystis*, which was chosen as the α proteobacterial taxon of reference because of its possible closeness to proto-mitochondria ([@evw130-B8]).
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[Supplementary figures S1 and S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw130/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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